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We report on the radiative and nonradiative emission processes from semimagnetic Pb1xMnxSe quan-
tum dots (QDs) embedded in a glass matrix. Emissions between the 4T1? 6A1 states of Mn2+ ions located
in the PbSe semiconductor gap were not observed. Electron Paramagnetic Resonance spectra conﬁrmed
that Mn2+ ions are located in two distinct QD sites. Furthermore, Magnetic Force Microscopy conﬁrmed
the formation of high quality Pb1xMnxSe QDs with uniformly distributed magnetic moments.
 2013 Elsevier B.V. All rights reserved.1. Introduction
The optical and magnetic properties associated with the frac-
tion of cations replaced by transition metals in diluted magnetic
semiconductors (DMS) have attracted considerable attention in re-
cent years because of their potentially useful enhanced magneto-
optical properties [1–4]. Substituting impurities such as magnetic
ions (e.g. Mn2+) into quantum dots (e.g. II–VI and IV–VI QDs) has
made the development of new nanocrystalline materials possible
[5–8]. These structures are good candidates for quantum computa-
tion, spin ﬁlters, quantum information and other spintronic devices
[9]. Although QDs doped with impurities are currently synthesized
by colloidal chemistry, some possible applications require robust
and transparent host materials. Melting nucleation is an alterna-
tive to colloidal chemistry that allows the growth of DMS quantum
dots in various glass matrices. Recently, PbMnSe QDs have been
synthesized by various methods including fusion [6] and colloidal
[8]. Investigations of PbSe semiconductors have attracted much
attention due to their large exciton Bohr radius (46 nm) and room
temperature band-gap of 0.27 eV [10,11]. Semiconductor band gap
energy can be ﬁne-tuned by varying the doping proﬁle (x) of
Pb1xMnxSe DMS. In addition, quantum size effects caused by
shrinking in bulk DMS, as also happens in nanoparticles, enhance
the optical and the magnetic properties even further. Undoped
QDs are physically quite different from Mn-doped QDs. This is
expected given the strong sp-d exchange coupling between
localized doping species (Mn2+) and carriers in the host NC band
structure [4]. Two photoluminescent (PL) emission processes,related to Mn-doped, II–VI colloidal semiconductor quantum dots,
were observed in the DMS QDs. In the ﬁrst process, the excited
states of Mn2+ (4T1? 6A1) reside inside the semiconductor band-
gap and are evidenced by a dual emission. In the second, the
excited states reside outside the semiconductor band-gap of the
DMS QDs and involve non-radiative and radiative of energy
transfer [12,13]. Therefore, the luminescent properties and carrier
dynamics of Pb1xMnxSeQDs should be comprehensively
understood foroptical applications.
We investigated the emission mechanism of Pb1xMnxSe quan-
tum dots dispersed throughout the oxide glass template. Optical
absorption (OA), Photoluminescence (PL), Electron Paramagnetic
Resonance (EPR) and Atomic Force Microscopy/Magnetic Force
Microscopy (AFM/MFM) measurements were used to determine
the optical, magnetic and morphological properties of these new
materials.2. Experimental detail
2.1. Sample preparation
Pb1xMnxSe QDs were synthesized in a glass matrix with a nom-
inal composition of 40 SiO2, 30 Na2CO3, 1Al2O3, 25B2O3, 4PbO
(mol%) by adding 2% Se (wt.%) and 5% Mn as a function of Pb con-
centration. The samples were produced in two steps. First, the
powder mixture was melted in an alumina crucible at 1200 C
for 30 min in a carbon-rich atmosphere. Next, the crucible contain-
ing the melted mixture was quickly cooled to room temperature
and then annealed at 500 C for 4 and 5 h to enhance diffusion of
Pb2+, Mn2+, and Se2 throughout the host matrix. This process
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Figure 1. OA and PL spectra of the SNABP matrix containing Pb1xMnxSe QDs
grown at a concentration of x = 0.05.
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respectively.
2.2. Instrumentation
Optical absorption was measured with a UV–VIS-NIR spectrom-
eter (Shimadzu UV-3600) operating between 190 and 3300 nm.
Photoluminescence was recorded using a monochromator (SPEX-
750 M) equipped with a Joban-Yvon CCD 2000  800  3 and the
514.5 nm (2.41 eV) line of an Ar+ ion gas laser focused to 121 lm
as the excitation source. To investigate modiﬁcations to the elec-
tronic states induced by Mn2+ ion incorporation we performed
electron paramagnetic resonance (EPR) measurements for Mn-
doped samples. To this end, we used a high sensitivity K-band
(24 GHz) spectrometer, equiped with a Bruker B-H15 magnetic
ﬁeld controller, Bruker K-band ER 067 KG microwave bridge,Figure 2. (a) Simpliﬁed comparison between the energy band-gaps of several II–VI and
state. (b) Schematic representation of the recombination process in DMS QDs. The Mn2+ ex
4  4 method) for the PbSe QDs averaging 5.7 nm.Bruker EPR Probehead K-band cavity, EG&G 7260 DSP lock-in
ampliﬁer, HP 5315A microwave frequency meter and a WattSom
DBS 720 audio power ampliﬁer to drive the magnetic ﬁeld modu-
lation coils. Atomic force microscope/magnetic force microscopy
(AFM/MFM) images were obtained with a Shimadzu Scanning
Probe Microscope (SPM-9600).
3. Results and discussion
3.1. Optical absorption and photoluminescence spectra
Figure 1 shows the Optical Absorption and Photoluminescence
spectra of Pb0.95Mn0.05Se QDs. The exchange interaction (sp-d
hybridization) between electronic subsystems leads to magnetic
ion incorporation in the QDs. This modiﬁes conﬁned electronic
states and consequently, the optical properties of the quantum
dots [6]. Quantum conﬁnement effects are clearly shown by the
red-shift in the spectra. Well-deﬁned sub-band peaks in both
absorption and emission spectra demonstrate the high quality of
the synthesized samples and the relatively small size distribution
of the Pb0.95Mn0.05Se QDs. The Pb0.95Mn0.05Se NC red-shift changes
depending on QD size (5.7 and 6.0 nm). The PL spectra showed the
luminescence transition in Pb0.95Mn0.05Se QDs, which is similar to
that of undoped PbSe QDs [16]. An emission at about 2.1 eV
(580 nm) for the Mn2+ ions is attributed to the d–d (4T1? 6A1)
transition [18].
Figure 2a shows a simpliﬁed comparison between band-gap
energies of II–VI and IV–VI semiconductor materials and the en-
ergy of the Mn2+ 4T1 ligand-ﬁeld excited state. The recombination
process described in the diagram of Figure 2b, was based on exper-
imental optical results and the electronic state calculation using
the k.p 44 method [17]. This diagram shows the absorption from
valence to conduction band and the radiative and nonradiative
emission processes of Pb1xMnxSe QDs between the 4T1? 6A1 lev-
els. These are characteristic of d orbitals of Mn2+ when these ions
are substitutionally incorporated into PbSe QDs. The diagram in
Figure 2b shows that the impurity states of the Mn2+ ions are lo-
cated in the conduction band of the QD semiconductors. These
recombination processes are very interesting and keep the optical
properties of undoped semiconductor QDs and Mn2+ ions incorpo-
rated in the crystalline lattice of the QDs [15]. Energy calculations
(k.p 44) as a function of PbSe QD size showed that theIV–VI semiconductor materials and the energy of the Mn2+ 4T1 ligand-ﬁeld excited
cited states are located in the gap of the host semiconductor. Energy calculation (k.p
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Figure 3. PL spectra dependence of temperature of: (a) PbSe and (b) Pb0.95Mn0.05Se QDs with average size of 5.7 nm.
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ler than 3.2 nm in PbMnSe QDs. We did not observe the radiative
transition of the 4T1? 6A1 excited states due to the larger size of
our PbMnSe QDs. However, we expect that very small lead-salt
PbMnSe QDs may have 4T1? 6A1 state luminescence, causing
PbMnSe QDs to disperse throughout the glass and resulting in
the dual emission observed in colloidal ZnMnSe and CdMnSe QDs
[12,13].
Figure 3 presents PL spectra of Pb1xMnxSe QDs, for x = 0 and
0.05, annealed at 500 C. A clear difference is observed between
the PL spectra of PbSe and PbMnSe QDs, each with an average size
of 5.7 nm conﬁrming the change in optical properties with the
incorporation of Mn ions in PbSe QDs. PL spectra at 10 K show,
for PbSe QDs, two types of dot families with different sizes and size
dispersions were identiﬁed by spectral deconvolution in GAUSSIAN
components (inset of Figure 3a) and for Pb0.95Mn0.05Se QDs four
types of dot families with different sizes and size dispersions were
identiﬁed by spectral deconvolution in GAUSSIAN components (inset
of Figure 3b), which affects the position of PL peak energy. PbSe8200 8400 8600 8800
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Figure 4. EPR spectra of the Pb0.95Mn0.05Se QDs. Mn-ions located in the core
(ASI = 77G) and near the surface (ASII = 86G) of PbSe QDs.QDs demonstrates carrier transfer from larger QDs to smaller
QDs, contrary to that observed in the PbMnSe system. This differ-
ence may be explained by increased coupling between PbMnSe
QDs. The PbMnSe QDs have larger surface states than the PbSe
QDs because surface Mn2+ ions produce the greatest number of de-
fect states.3.2. EPR spectra
To analyze the magnetic properties of dilute Pb0.95Mn0.05Se QDs,
we studied EPR spectra changes with increasing Mn-concentration
in the same samples discussed earlier (Figure 4). However, in a typ-
ical K-band experiment, hyperﬁne lines are only observed for the
central MS =+1/2M 1/2 transitions of substituted Mn ions inside
the QDs. Signiﬁcantly, the literature reports that Mn2+ ions are
incorporated into NC dots at both the NC core and/or at the NC sur-
face [6,14]. The hyperﬁne interaction constants from the EPR spec-
tra were A = 77 GAUSS for Mn2+ ions located inside the PbMnSe QD
(labeled SI), and A = 86 GAUSS for ions located near the dot surface
(labeled SII).3.3. AFM/MFM images
Figure 5 shows the AFM/MFM images of the Pb0.95Mn0.05Se QD
samples annealed at 500 C and conﬁrms the presence of high den-
sity quantum dots with quantum conﬁnement and bulk-like prop-
erties. The AFM image in Figure 5a is also inﬂuenced by sample
topography. The MFM image in Figure 5b, however, shows only
magnetic interactions because it was recorded using a magnetic
tip with a 24 nm lift. Figures 5c and d show the 3D morphologies
of Pb0.95Mn0.05Se QDs. Magnetically attracted QDs are aligned
parallel to tip magnetization and cause the dark areas in the
MFM image. Whereas, repelled QDs are aligned antiparallel to tip
magnetization, and cause the bright areas in the MFM image.
Therefore, the clear contrast in these MFM images shows the
formation of the dark and bright ﬁelds related to a single spin do-
main in the Pb0.95Mn0.05Se QDs. These results conﬁrm the high
quality of the synthesized Pb0.95Mn0.05Se QDs which have a total
Figure 5. AFM/MFM images of Pb1xMnxSe QDs embedded in the glass matrix at concentration x = 0.05: (a) inﬂuence is zero since the magnetic tip is lifted 24 nm from the
sample, (b) magnetic interaction signal is inﬂuenced by the DMS QDs sample topography, (c) and (d) showmagniﬁcations of the regions bounded by red squares in (a) and (b),
respectively.
26 R.S. Silva et al. / Chemical Physics Letters 567 (2013) 23–26magnetic moment that is uniformly distributed antiparallel to tip
magnetization.
4. Conclusion
The luminescence properties of Pb1xMnxSe QDs embedded in
host glass were investigated. Photoluminescence spectra show
the excitonic radiative emission of Pb1xMnxSe QDs. The energy lev-
els of the Mn2+ ions are located in the conduction band of the host
semiconductors. Energy transfer from 4T1 Mn2+ ion states to con-
duction band states of PbMnSe QDs inhibits radiative emission be-
tween (4T1? 6A1) states. This is contrary to what was recently
observed in CdMnSQDs [19]. Thus, PbMnSe QDs present a third sce-
nario where the excited states of Mn2+ (4T1? 6A1) reside in the con-
duction band of semiconductor QDs and produce only one radiative
emission channel [12,13]. Energy calculations (k.p 44) as a func-
tion of PbSe QD size show dual emissions (i.e. luminescence from
the 4T1? 6A1 states and excitonic emissions in PbMnSe NCs) for
NCs with a diameter less than 3.2 nm. EPR spectra show six hyper-
ﬁne lines indicating Mn2+-ion incorporation on the surface (signal
SI) and in the core (signal SII) in the crystalline lattice of the PbSe
QDs. The uniform distribution of the total magnetic moment in
the QDs, observed in the MFM images, also conﬁrmed the high
quality of the Pb1xMnxSe QDs. We believe that these results signif-
icantly advance the search for possible device applications.
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